Resumen: Lawton et al. (1998) 
la perturbación. También se reconoce que todos los tipos de perturbaciones no son iguales en cuanto a sus efectos sobre las especies y que agrupar a las especies de acuerdo a su función en lugar de la taxonomía brinda más información sobre las respuestas de la biodiversidad al cambio. En un re-análisis de la mayoría del conjunto de datos originales sobre Camerún (hormigas del dosel y del suelo, termitas, escarabajos del dosel, nemátodos y mariposas) nos enfocamos sobre los cambios en las especies y la composición funcional en lugar de la riqueza, y utilizamos una medida más incluyente de la perturbación del bosque basada en cuatro

Introduction
Human transformation of the world's ecosystems, their biodiversity, and other ecosystem goods and services has led to suggestions that we are now in a new geological era: the Anthropocene (Millenium Ecosystem Assessment 2005; McGill et al. 2015) . Measuring the impact of anthropogenic disturbance on biodiversity is difficult because of the large numbers of poorly known and taxonomically intractable species, especially in groups such as invertebrates and fungi. Surveying a few well-known and relatively easily identifiable species or taxonomic groups such as birds, butterflies, and dung beetles and using these as indicators or surrogates for the impact of disturbance on the rest of the biota therefore have great appeal and have become a classic concept in conservation biology (Lindenmayer et al. 2000; Lindenmayer & Burgman 2005) . However, it has been difficult to determine whether such taxonomic groups actually act as surrogates, which are the best metrics to use, and what the usefulness of these surrogates in conservation decision making (McGeoch 1998; Schulze et al. 2004; Lewandowski et al. 2010) . Further, the term indicator has been used in many different ways in the literature. Caro (2010) identified at least 5 different meanings for this term.
In one of the most highly cited studies of the indicator species concept, a recognized classic citation, Lawton et al. (1998) compared 8 groups of invertebrates and vertebrates in tropical forests in Cameroon. Although the species richness of most groups generally declined over a gradient in forest disturbance, no single group was a good indicator of change in the other groups, a result subsequently observed in a number of other studies in different ecosystems (Schulze et al. 2004; Barlow et al. 2007 ).
We were motivated to reexamine the Lawton et al.'s (1998) study by several recent developments. First, it is argued that the goal of conserving global biodiversity requires an understanding of which species are affected by forest disturbance, rather than determining the net number of species within disturbed versus undisturbed forest (Bengtsson et al. 2000; Lindenmayer & Franklin 2002; Gardner et al. 2009 ). Disturbance may select for widespread or generalist species so that local diversity may be maintained following disturbance, whereas the rare, endemic, or specialized species, which are the most important to regional and global biodiversity, decline. At local scales, therefore, conservation science is more concerned with shifts in species composition and loss of particular species from the ever-decreasing areas of oldgrowth forest than with changes in the total number of species (Dunn 2004; Gibson et al. 2011) .
The second development is a growing recognition that species richness is either an insensitive or contingent metric of ecological change (Supp & Ernest 2014) . Recent meta-analyses of temporal trends in local richness trends provide conflicting results, either no net change over time (Dornelas et al. 2013; Vellend et al. 2013) or declines in diversity following disturbance (Murphy & Romanuk 2014) . Understanding how individual species within communities are affected by anthropogenic change may be the key to determining local community responses and their impact on ecosystem services (Wardle et al. 2011) .
A third development in conservation biology is a growing realization that all disturbance types are not equal in their effect on biodiversity ). The effects of logging depend critically on the scale and methods used (Hill & Hamer 2004) and how much ecosystem integrity is compromised (Stork et al. 1997; Lindenmayer et al. 2000) . For example, logging with heavy machinery affects both canopy cover and soil compaction. Replanting trees may mitigate the loss of cover but not necessarily the effects of soil compaction. Lawton et al. (1998) and others did not distinguish among the different components of disturbance in their analyses.
A fourth issue is whether grouping species according to function, rather than traditional taxonomy, is more informative when considering the responses of biodiversity to anthropogenic change (Didham et al. 1996) . Lawton et al. (1998) sampled butterflies, flying beetles, canopy beetles, canopy ants, leaf-litter ants, termites, soil nematodes, and birds in multiple experimentally disturbed 1-ha tropical rainforest plots and sorted specimens to species or morphospecies . The treatments were originally ranked on a disturbance gradient from near-primary forest through secondary forest to plantation forest and to completely cleared plots. We reexamined data for 6 of these groups in light of the new developments in conservation science we described above. In particular, we assessed the impact of different measures of disturbance on species composition. We also considered the spatial locations of plots relative to each other and accounted for this explicitly in our analyses. We hypothesized that species composition is more sensitive to forest disturbance than species richness because changes in composition reflect the responses of individual species to disturbance; disturbance has congruent effects on the composition of different faunal groups, even when it has divergent effects on their species richness, and the composition of functionally similar groups using similar resources or microhabitats is similarly affected by disturbance (e.g., soil dwellers, such as nematodes and termites, or canopy dwellers, such as canopy beetles and ants); and subsuming multiple trophic and functional levels within a single, large, taxonomically defined group is too coarse a resolution to detect congruent patterns of faunal change due to disturbance and herbivores (within beetles and nematodes) and decomposers (within termites) are more affected by tree loss than other guilds that are less directly associated with particular plants. Lawton et al. (1998) ordered different forest treatments in one broad gradient of disturbance or habitat modification. By not explicitly defining the gradient, they may have omitted important mechanistic links. We examined whether groups differed in sensitivities to 4 components of disturbance: years since disturbance, tree cover, soil compaction, and degree of tree removal and hypothesized that herbivorous groups are most affected by loss of plant diversity and tree cover and soil dwellers are most sensitive to soil conditions.
The search for indicator taxa is motivated by a practical problem in conservation (Caro 2010) : Given that it is extremely time-consuming to sample all groups of organisms, is basing conservation decisions on just a single group or a couple of groups of organisms justifiable? Such decisions would be justified if the response of any group of organisms to forest disturbance was actually fairly similar to the collective response. To be precise, we asked whether the response of taxonomic group X 1 is indicative of the general response of taxonomic groups X 2 . . . X n , where n is the total number of taxonomic groups in the forest. We approximated n equaled 6 because a complete biodiversity inventory of a hectare of tropical forest has eluded even the world's best biologists.
Methods
Study Area, Forest Treatments, and Sampling Lawton et al. (1998) sampled plots within the Mbalmayo Forest Reserve (3°23' to 3°31' N, 11°25' to 11°31' E) in southern Cameroon from 1992 to 1994. At the time of sampling, this area was a mosaic of lightly to highly disturbed evergreen and deciduous rainforest (Fig. 1 ). They experimentally disturbed many plots in different ways and measured various biotic and abiotic parameters in the plots. Plots were selected to represent several different stages of disturbance from old-growth to farm fallow.
Sampling was conducted by Lawton et al. (1998) with standard sampling methods as described below and in Bloemers et al. (1997) Species of beetles, termites, and nematodes were allocated to the following feeding guilds: herbivores and plant feeders (beetles and nematodes), algal feeders (nematodes), wood-fungus feeders (beetles and termites), fungivores (beetles, termites, and nematodes), scavengers and omnivores (beetles and neatodes), humus feeders (termites), microbivores (nematodes), soil ingesters (nematodes and termites), predators (beetles and nematodes), and parasitoids (nematodes).
Data Selection and Categorization of Disturbance
We used Lawton et al.'s (1998) data sets except for those for flying beetles and birds because these data were unavailable. We selected data from Lawton (1998) so that all plots used for a taxonomic or ecological group had similar sampling effort (number of sampling periods and samples per plot). In our analysis, the number of plots and species, respectively, for each group was as follows: butterflies 8 and 132, termites 5 and 73, canopy beetles 8 and 342, litter ants 7 and 111, canopy ants 8 and 63, and nematodes 25 and 428. (Termites were sampled in 2 seasons.) Most target taxa were sampled at the same 5-8 sites (Supporting Information).
We categorized intensity of initial disturbance based on tree biomass removed, level of soil compaction, time since disturbance, and tree cover and diversity at the time of sampling. Removal of tree biomass categories were none, partial, or complete. Where biomass was partially removed, the exact proportion remaining biomass was difficult to quantify, but the range was 30-50% canopy cover (Lawson et al. 1990 ).
Soil compaction categories were none (uncleared forest), low (forest partially cleared by hand), medium (forest completely cleared by hand), high (forest partially cleared mechanically), and very high (forest completely cleared mechanically). Manual clearance involved felling larger trees by chainsaw and smaller trees by machete and cutting vegetation to knee height, resulting in minimal soil compaction. Mechanical clearance involved the use of bulldozers to remove trees and undergrowth, resulting in substantial soil compaction.
Time since disturbance was years between the sampling date (typically 1993) and the last known felling of trees. This value was known in experimental-forestry plots, but we estimated it for uncleared old-growth and regenerating forest. For the latter, we estimated time since disturbance based on the size of trees and local knowledge. The range was 30 (Eboufek old secondary) to 70 years (Bilik near primary) (Eggleton et al. 1996; Bloemers et al. 1997 ). The Ebogo near-primary plot was approximated as 50 years old because it was reported as younger than the 70-year-old Bilik near-primary plot but was still near primary based on information in Stork et al. (2003) . We log transformed time since disturbance to capture the difference in rate of change because revegetation and tree growth are typically fastest soon after tree felling and then slow over time.
We estimated tree cover and diversity at the time of sampling on a 6-point ordinal scale. In order of increasing tree cover, the rankings were farm fallow with no trees; completely cleared and replanted with spaced trees 1-2 years prior to sampling; completely cleared and replanted with spaced trees 4-6 years prior to sampling or partially cleared and replanted 1 year prior to sampling; partially
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Volume 31, No. 4, 2017 cleared and replanted 5-6 years prior to sampling; partially cleared and replanted 11-21 years prior to sampling; and uncleared. Tree-density and basal-area data have been published (Eggleton et al. 1996) for 8 of the plots and confirmed that the measured values matched the assumed rank order of farm fallow with no trees, plots partially cleared and replanted 5-6 years prior to sampling, and uncleared plots.
Statistical Analyses
To test whether species composition in some taxa was more related to disturbance than for others, for each taxon we examined the Pearson correlation between dissimilarity in species composition for all pairs of plots with the dissimilarity in disturbance of the same pairs of plots (described below). Because such correlations are based on nonindependent data points (each plot contributes to multiple plot pairs), we tested the significance of each correlation coefficient with a Mantel test (10,000 permutations of plots with mantel function, vegan package, R version 3.1.2). Distance between plots varied from 100 m to 9 km, so we removed potential effects of spatial autocorrelation with partial Mantel tests, which partialled out effects of space on species composition from effects of disturbance on species composition (Leduc et al. 1992 ). An alternative approach would have been to ordinate the raw data matrices; however, such a method would not have allowed us to compare the strength of taxa responses with a single multivariate disturbance gradient, so we did not use it (but see Bloemers et al. [1997] , nematodes; Eggleton et al. [1996] and Eggleton et al. [1995] , termites; Stork et al. [2003] and Watt et al. [1997b] , butterflies; and Watt et al. [2002] and Watt et al. [1997a] , ants and beetles).
A species-composition-dissimilarity matrix was generated for each taxon by calculating the Morisita-Horn dissimilarity metric for each pair of plots (veg dist function, package vegan, R). We selected the Morisita-Horn metric because it is less influenced by differences in species richness and sample size between plots than other metrics (Morisita 1959; Wolda 1981; Magurran 1988) . It can be sensitive to highly abundant species, so we log transformed our abundance data as recommended (Wolda 1981) prior to calculating the dissimilarity values. We also explored the robustness of our results to changes in the similarity index (Bray Curtis) and the correlation metric (Spearman). In each case, results were qualitatively similar to the Pearson correlations based on Morista-Horn similarity values that we report here.
We based the disturbance-dissimilarity matrix on the 4 measures of disturbance and recovery: log time since disturbance, tree cover at the time of sampling, tree-removal rank, and soil-compaction rank. The log time since disturbance range was 0-5.24, so we scaled the ranks of the remaining 3 disturbance measures to encompass the same 5.24 range between plots. This scaling meant that each disturbance measure was equally weighted in the overall disturbance-dissimilarity matrix. Given the standardized range among our 4 dissimilarity measures, we could use one of the simplest measures of dissimilarity, Euclidean distance, to generate our disturbance-dissimilarity matrix.
(More complex dissimilarity indices are needed, for example, when species differ in mean abundance.) As with the species-dissimilarity matrix, we used the distancedissimilarity matrix to compare pairs of plots, in this case combining information from the 4 disturbance metrics.
To create a spatial-distance matrix, we located all plots on Google Earth for plots >1 km apart (Fig. 1 ) or in published figures of the arrangements of the plots for plots <1 km apart (Stork et al. 2003) . We used those locations to calculate the distances between all possible plot combinations.
We recalculated Lawton et al.'s (1998) values of species richness by using only the plots in our current analyses. We first used Mantel tests, in the same manner as described above, to determine whether plot differences in species richness (dissimilarity estimated as Euclidean distance) correlated with dissimilarity in disturbance. We also tested whether those plots that were of intermediate disturbance exhibited higher species richness than less or more disturbed plots, according to the intermediate disturbance hypothesis (Connell 1978) , by plotting species richness separately for each taxon against a univariate disturbance index. The univariate disturbance index was the average of the 4 components of disturbance scaled to vary from 0 to 1.
We also used Mantel tests to determine whether feeding guilds of canopy beetles, nematodes, and termites responded differently to disturbance gradients. The feeding guilds and their presumed equivalences are listed in Table 1 .
We tested which measure of disturbance correlated best with compositional change in our data set by
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With only 8 study plots for most of the taxa considered, some of the disturbance levels within disturbance types were not replicated, making the results potentially dependent on the specific characteristics of individual study plots. However, our intention was to demonstrate how different ways of assessing disturbance may produce different results.
Results
Most taxonomic groups showed strong speciescomposition responses to forest disturbance. Specifically, plots that were most different in disturbance were also most different in species composition. This applied to butterflies, canopy beetles, and litter ants, whereas correlations were not significant for nematodes (but r = 0.11 just within permutation, 95% Confidence Intervals [CI] 0.12-0.11), termites (but r = 0.45 just within permutation 95% CI 0.46-0.57), and canopy ants. Responses of each group's species composition to disturbance were similar both before (Fig. 2) and after (Table 1) In contrast, species richness was generally uncorrelated with disturbance. Of the 6 target taxa, only termites showed a significant correlation between plot dissimilarities in species richness and disturbance. (Full correlations are given in Supporting Information; partial correlations are given in Table 1 .) For the other 5 taxa, the lack of correlation was not an artifact of an underlying nonlinear relationship between disturbance and species richness because no taxa showed a quadratic relationship between species richness and an integrated disturbance index; again, only termites exhibited a linear relationship (Fig. 3) . Spatial autocorrelation, which was significant for the species composition of butterflies, canopy beetles, and nematodes, did not affect patterns of species richness (Supporting Information).
Taxonomic groups diverged in their compositional response to the 4 drivers of disturbance (Table 2) . Composition of butterflies, litter ants, and nematodes was particularly correlated with amount of tree cover on plots at the time of sampling, composition of canopy beetles was most strongly correlated with time since disturbance, and composition of termites was most strongly correlated with degree of initial soil disturbance.
There were also moderately divergent responses to disturbance between functional feeding groups. Differences between plots in disturbance were most strongly correlated with compositional differences of herbivores (within beetles and nematodes) and humus feeders within termites (Table 3) .
Discussion
For at least 3 of our 6 taxonomic groups, disturbance of a tropical forest affected species composition more strongly than species richness, as we hypothesized. This was particularly true for groups for which more disturbance-tolerant species replaced less disturbancetolerant species; in these groups, total species richness remained the same. Only termites showed effects of disturbance on species richness but not on composition. For termites, disturbance resulted in a progressive loss of species in order of disturbance sensitivity and resulted in strong negative effects on species richness. Our largely nonsignificant results for species richness contrast with those of Lawton et al. (1998) , whose results suggest the species richness of most groups responded, albeit in idiosyncratic ways, to disturbance. There are at least 2 reasons for this apparent discrepancy. First, the data sets were not completely identical. Their bird data were not available for our analysis, and this group showed the clearest decline in species richness as disturbance increased. Lawton et al. (1998) also assumed that 2 sites with no canopy would have no canopy ants or canopy beetles. This assumption alone resulted in the appearance of declines in species richness for these groups, whereas we did not consider sites where data were not collected. Second, we statistically tested responses of taxa to disturbance and accounted for spatial autocorrelation, whereas Lawton et al. (1998) visually assessed patterns. We found that although butterflies and nematodes tended to decline in species richness over the disturbance gradient (Fig. 3) , as did Lawton et al. (1998) , such declines were not actually significant. Hence, our results for species richness are similar to those of Lawton et al. (1998) , but our interpretation is more robust.
Our observations in part support the conclusion of several meta-analyses that overall temporal trends in
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Volume 31, No. 4, 2017 plot-scale species richness for both marine and terrestrial communities are not significantly different from zero (Vellend et al. 2013; Dornelas et al. 2014; Supp & Ernest 2014) (but see Elahi et al. [2015] ), even following some disturbance (McGill et al. 2015) (but see Murphy & Romanuk [2014] ). This trend of temporal constancy in local species richness is highlighted as one of the 15 forms of biodiversity trends that ecologists and conservation scientists should recognize and assess in the Anthropocene (McGill et al. 2015) . Further, our results support the growing consensus that at local scales, species composition is a more sensitive and consistent indicator of ecological change than other measures of biodiversity, such as species richness (Dornelas et al. 2013; Vellend et al. 2013; Supp & Ernest 2014) . Our main finding was that the overall responses of taxonomic groups to disturbance were generally similar. However, this does not mean that there were no ecological differences evident in finer scale analyses. As predicted, these differences generally reflected the main habitats of the taxonomic groups and, within taxa, the food resources of different functional feeding groups. For example, when disturbance was separated into 4 component drivers, different taxa were most sensitive to different components. Termites, many of which live in the soil, were particularly affected by the degree of initial soil compaction, and, within termites, humus feeders were more affected by disturbance than wood and fungus feeders (Eggleton et al. 2002) . Butterflies, which consume leaves and floral resources at different life stages, and litter ants, which use tree litter as habitat, were particularly affected by changes in the amount of tree cover. These results support those of others (Barlow et al. 2007 ).
The use of higher taxonomic levels to examine environmental gradients and biogeographic patterns or to predict species richness (Beccaloni & Gaston 1995; Balmford et al. 2000) appears to have some merit at least for levels up to family. However, treating all trophically diverse beetles, nematodes, or termites together as a single group, as Lawton et al. (1998) did, is like lumping together all vertebrates and expecting there to be a single response to disturbance gradients. Beetles, for example, which appeared in the geological record around 285 million years ago (Hunt et al. 2007 ) are remarkably diverse in their feeding guilds, at least above the family level (Hammond 1994) .
Although there has been some debate about the usefulness of functional groups in observing environmental change (Lindenmayer et al. 2000) , they may be more useful in identifying responses to disturbance than taxonomic groups (Didham et al. 1996) . Our separation of beetles, termites, and nematodes into different feeding guilds demonstrated that the greatest response to disturbance in species composition was from the groups feeding on plant material (living or dead), confirming the usefulness of the functional-guild approach (Didham et al. 1996) and the sensitivity of herbivorous invertebrates to disturbance. Canopy ants, unlike litter ants, showed little compositional shift in response to disturbance. Blüthgen et al. (2004) found that canopy ants in tropical forest exhibit a spatial "ant mosaic," whereby species composition is determined by antagonistic interactions of dominant species on other species. Such behaviorally enforced spatial patterns may override the influences of local habitat on species composition.
We found that species composition was a more sensitive measure of the effect of disturbance on biodiversity than species richness. Species composition in at least some taxa responded similarly to overall disturbance and particular types of disturbance. For management, biodiversity indices such as species richness have the appeal of being comparable among groups in directionality. However, there is now strong evidence that trends in species richness at small scales do not reflect the resilience of ecosystems to disturbance. Conversely, we found that a number of taxa exhibit compositional differences that correlate with disturbance differences (Fig. 2) . This provides some hope that monitoring of selected groups can be used to set conservation policy for the ecosystem as
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We suggest that a critical element in monitoring the disturbance effects on biodiversity is to delineate the impacts of various forms of disturbance because, as we have demonstrated, some taxa respond only to particular kinds of disturbance or not at all. To the best of our knowledge, this is the first time this has been demonstrated.
Our results suggest that of the taxa we sampled, butterflies, herbivorous canopy beetles, and litter ants are the most sensitive to multiple drivers of disturbance and exhibit similar responses to changes in species composition. In contrast, canopy ants, termites, and nematodes appeared to respond differently. A more complete understanding of the response of biodiversity to disturbance would, therefore, require that a wider range of taxa known, or suspected, to show different responses also be sampled. Where taxa have similar compositional shifts, the length of time to sample and sort them becomes important because indicator taxa should be easier to measure than the groups they are indicators of. In our study, the time to sample and sort was 1000-6000 h for nematodes, termites, and canopy beetles, whereas litter ants, canopy ants, and butterflies each took 150-160 h (Lawton et al. 1998) . Taking these issues into account, of the taxa we have reanalyzed, butterflies and litter ants appeared to be useful indicator taxa. However, a fuller assessment of biodiversity would require that other taxa also be sampled.
